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InGaN is an ideal alloy system for optoelectronic devices due its tunable band gap. 
Yet high-quality InGaN requires high In concentration, which is a challenging issue 
that limits its use in green-light LEDs and other devices. In this paper, we investigated 
the surfactant effect of Sb on the In incorporation on InGaN (000ͳ̅) surface via 
first-principles approaches. Surface phase diagram was also constructed to determine 
surface structures under different growth conditions. By analyzing surface stress under 
different structures, we found that Sb adatom can induce tensile sites in the cation layer, 
enhancing the In incorporation. These findings may provide fundamental 
understandings and guidelines for the growth of InGaN with high In concentration. 
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I. Introduction 
In recent years, InGaN based optoelectronic devices have attracted great attention due to their 
superior material properties and flexible choices of the band gap [1-8]. A tunable direct band gap 
ranging from 0.7eV for InN [9-12] to 3.4eV for GaN [12-14] can be achieved by varying the 
concentration of In in InGaN [15,16], covering the whole visible light range. Therefore, InGaN alloys 
are ideal materials for the fabrication of white light-emitting-diodes (LEDs), laser-diodes (LDs), as 
well as high-efficiency solar-cells [17-19]. 
 
Despite the great success in InGaN-based blue-light LEDs [1,8,15,20,21], high-efficiency 
green-light LEDs with a high In concentration is still challenging, especially in organometallic vapor 
phase epitaxy (OMVPE). Due to the large bond length difference between GaN and InN, segregated In 
ad-layers or In rich islands on the surface are often observed in the OMVPE growth of InGaN 
[8,22-24]. Such large size mismatch may also lead to spinodal decomposition, resulting in a large 
miscibility gap and a limited In concentration in InGaN [14]. In addition to the thermodynamics, 
kinetics also has a strong influence on the In incorporation. Due to the low thermo-stability of InN [25], 
growth temperature of InGaN is usually lower than that of GaN, leading to limited surface kinetics, 
rough surface morphology, and poor crystal quality. [8] All these problems may largely reduce the 
efficiency of InGaN based devices with high In content, thereby limiting the use of InGaN-based 
green-light LEDs. [8,14,26] 
 
Surface orientation and polarity also play important roles in the growth of InGaN. A typical 
growth direction of InGaN is the c-direction of wurtzite structure, where the surfaces belong to 
Tasker’s type-III polar surfaces [27]. In addition to the c-plane, (0001) (In,Ga)-polar surface [28], the 
crystallographically inequivalent (000ͳ̅) N-polar surface, has also been found to be important recently 
[22]. Compared with In-polar InN, the dissociation temperature of N-polar InN is at most 100℃ higher 
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[29-33], and thus N-polar InGaN may be grown at a higher temperature with a better crystal quality. 
Also, enhanced In incorporation was observed on N-polar surface for both OMVPE [28] and 
plasma-assisted molecule beam epitaxy (MBE) [29,34]. First-principle calculations show that In atoms 
on N-polar surface of InGaN have a weaker surface segregation but higher thermal stability compared 
with that on (In,Ga)-polar surface [22]. Therefore, N-polar InGaN may be conducive to a higher In 
concentration and a better crystal quality. 
 
Use of surfactants during epitaxial growth can be an appealing strategy for the modification of 
surface thermodynamics and surface kinetics [35-42]. Surfactants are elements that always flow on top 
of the growing front [40-44], which have been used in the epitaxial growth of III-V semiconductors 
[40-42,45-50]. By adding a small amount of Sb, Bi, or In as surfactants during GaN growth, the 
mobility of surface adatoms can be enhanced and the surface smoothness can be improved. [47-51] In 
addition to modifying surface kinetic processes, Bi and Sb surfactants have also been proved to be 
useful in changing the surface reconstruction and dopant concentrations in other III-V semiconductors 
growth [40,41,43,45,46]. Studies of surfactant effects during GaN growth only considered (0001) 
Ga-polar surface, while possible surfactant effects on (000ͳ̅) N-polar surface have not been thoroughly 
investigated. Studies of surfactant effects during InGaN growth are also limited. It was found that an 
improvement on crystal quality and optical performance can be achieved by adding some Sb during 
growth of InGaN. [52] Yet, to our knowledge, the structure properties of InGaN surface with Sb as 
surfactants have not been studied.  
Recently, it was found that an abrupt increase in In concentrations was achieved by adding a small 
amount of Sb on InGaN surfaces during OMVPE growth [26]. Such enhanced In incorporation was 
observed only when Sb concentration reached a critical limit, which indicated that a phase change on 
the surface is possible [26]. The underlying physical mechanism is still unknown, because direct 
observation of the surface during OMVPE growth is very difficult, if not impossible. Also, it is hard to 
determine the polarity of InGaN from experiments. Owing to advantages of N-polar surface on In 
incorporation, first principles calculations of the surfactant assisted In incorporation on (000ͳ̅) surface 
can be appealing here. 
Since InGaN is usually grown pseudomorphically on GaN, and the (000ͳ̅) surfaces of InGaN and 
GaN have high similarities, pure GaN can be used as a host system to avoid complexity on the random 
alloy in the modeling process. Still, to understand the surfactant enhanced In incorporation effect in 
GaN, it is essential to first study the reconstructions of bare GaN and In or Sb passivated GaN (000ͳ̅) 
surfaces. Bare GaN (000ͳ̅) surface forms various reconstructions under different chemical potential 
conditions. It changes from 2×2 Ga adatom reconstruction under N-rich condition to 1×1 Ga adlayer 
reconstruction under Ga-rich limit, with the increase of Ga/N ratio. [53] As for InGaN, it was found by 
experiments [23] and theoretical studies [54] that the (000ͳ̅) surface is covered by a metallic layer 
consisting of both In and Ga. Although additional In or Ga atoms on the ad-layer may further change 
the morphology and periodicity of surface [23], their effects on InGaN surface are similar. To our 
knowledge, Sb involved surface reconstructions on GaN (000ͳ̅) surface have not been studied. 
Nevertheless, the empirical electron-counting-rule (ECR) [55-57] shows a general applicability for 
surface reconstructions on III-V semiconductor surfaces [43,53,58-60]. Hence possible surface 
structures of Sb on GaN (000ͳ̅) surface can be searched and clarified based on ECR. 
In this paper, we studied Sb surfactant's effects on In incorporation on (000ͳ̅) N-polar surface of 
InGaN through first-principle calculations. Various surface reconstructions involving Ga, N, In, and Sb 
were calculated. Based on the surface reconstruction results, we further calculated the formation energy 
of of In atoms occupying Ga sites at the surface layer. Our calculations indicate that Sb ad-atom 
reconstruction would induce significant charge redistributions among surface atoms, resulting in tensile 
sites on the first surface cation layer. As a consequence, the incorporation of In into GaN can be 
enhanced. In addition, our studies indicate that under certain concentration of Sb on the growth front, 
an increased partial pressure of In does not necessarily enhance In incorporation. These findings may 
provide important guidelines to grow high quality InGaN based green-light LEDs. 
 
II. Computational Approach 
Total energy calculations are based on Density Functional Theory [61,62] as implemented in 
VASP code [63,64], with a plane wave basis set [65,66]. The energy cutoff of the plane wave was set at 
400eV, with d electrons of In and Ga included explicitly as valence electrons. PBE Generalized 
Gradient Approximation (GGA) functional [67] was used as the exchange-correlation functional. The 
(000ͳ̅) surface of GaN is modeled using a slab geometry with eight III-V bilayers, and a vacuum 
region of at least 20Å. (4×4) unit cell slabs were used with Ȟ-centered (2×2×1) Monkhorst-Pack mesh 
[68] for k-point sampling. Convergence tests with respect to k-point sampling, energy cutoff, slab and 
vacuum thickness were explicitly performed. Transition state energy was determined by the climbing 
image nudged elastic band (CI-NEB) method [81]. For all the slabs, pseudo-hydrogen atoms of 
fractional charge q = 1.25e were used to passivate the dangling bonds of bottom Ga atoms. All the 
atoms were relaxed until the force converged to less than Ͳ.Ͳͳ��/Å. Calculations of In incorporation 
into the first bilayer on the surface were based on two cases: one InGa in each (4×4) cell (6.25% In 
concentration in the first bilayer), and one InGa in each (2×2) cell (25% In concentration in the first 
bilayer), corresponding to low In content and moderate In content respectively, which are reasonably 
close to the In concentration in experiments [6,15-17,21,26]. 
 
Due to the low symmetry of wurtzite structures, it is difficult to calculate the absolute surface 
energies of polar surfaces [69]. Nevertheless, the relative stabilities of different surface reconstructions 
can be determined from relative surface energies with respect to the relaxed unreconstructed surfaces, 
through the following equation: ȟ�ሺ�ீ௔, �� , �ூ௡, ��௕ሻ = ��௧௢௧ − �௕௔�௘௧௢௧ − ȟ�ீ௔�ீ௔ − ȟ���� − ȟ�ூ௡�ூ௡ − ȟ��௕��௕, (1) 
where ��௧௢௧  and �௕௔�௘௧௢௧  are the total energies of the considered surface and the bare surface, 
respectively. ȟ�� represents the difference of the number of X (X = Ga, N, In, Sb) atoms between the 
considered surface and the bare surface, and �� is the corresponding chemical potential of X element. 
For calculations of In incorporation, the (average) formation enthalpy of InGa is determined by the 
formula: ȟܪሺܫ�ீ௔ሻ = ��೙−೏೚೛೐೏೟೚೟ −�ೠ೙೏೚೛೐೏೟೚೟ −௡ሺூ௡��ሻሺ���−��೙ሻ௡ሺூ௡��ሻ , (2) 
where �ூ௡−ௗ௢௣௘ௗ௧௢௧  and �௨௡ௗ௢௣௘ௗ௧௢௧  are total energies of slabs with or without In incorporated into the 
first bi-layer, and both slabs are under the same surface reconstruction. �ሺܫ�ீ௔ሻ is the number of InGa 
substitution sites in the slab. When the surface is at thermal equilibrium, it is required that  �ீ௔ + �� = �ீ௔�, (3) 
where �ீ௔� is the total energy of bulk GaN per formula unit. The upper limit of �� corresponds to 
X-rich limit, and is determined by the total energy per atom of bulk Ga, one nitrogen molecule, bulk In, 
and bulk Sb: 
ȟ�� = �� − ��௕௨௟௞ ≤ Ͳ. (4) 
In addition, all the competing secondary phases should be thermodynamically unstable: �ூ௡ + �� ≤ �ூ௡�, (5) �ீ௔ + ��௕ ≤ �ீ௔�௕, (6) �ூ௡ + ��௕ ≤ �ூ௡�௕. (7) 
Since previous theoretical works [49,50] suggested that SbN can easily form on Ga-polar (0001) 
surface of GaN, we have also considered pure phase of SbN. Yet our calculations show that such phase 
is thermodynamically unstable, since the calculated formation enthalpy is larger than zero. This 
indicates that bonding between Sb and N is likely to be favored only under certain surface electronic 
environment. Throughout the calculations, the N-rich limit was considered, as large V/III ratio can also 
improve In incorporation [8]. Structure parameters of all the considered elementary solids and 
secondary phases are within 2% differences 
with experimental data [70-75]. In particular, 
the calculated lattice parameters of GaN are 
within 0.5% difference with experimental result 
[76], and the calculated formation enthalpy 
(-1.00eV) is close to experimental value 
(-1.17eV [77]). Although the calculated 
formation enthalpy of InN was positive due to 
error of GGA functional [78], such error will 
only influence the chemical potential of In 
under In-rich limit, and our conclusions will not 
be affected. 
 
III. Results and Discussions 
To model different surface structures and 
geometries under different In and Sb 
concentration, various surface reconstructions 
have been considered. Surface reconstructions 
involving Ga, N, and In were searched based on 
previous literatures [23,53,54]. Multi-layers of 
In on the surface were not considered since they 
become energetically favorable only near 
In-rich limit, and their effects on the GaN 
bilayers are similar to that on one ad-layer of In. Surface reconstructions of Sb were searched based on 
the empirical ECR [55-57]. Since each N dangling bond contains 5/4 electrons, it is required that 3 
electrons should be transferred to N dangling bonds on a 2×2 cell. The 2×2 Sb-adatom model and the 
2×2 Sb-trimer model were considered, both of which can be placed on H3 site (above one sub-layer 
hollow site) and T4 site (above one sub-layer Ga atom), as shown in the inset of Fig. 1. We have also 
considered Sb substituting Ga or N in the first bi-layer, yet the resulting surface energies of these 
configurations are always higher than Sb-adatom or Sb-trimer model. In addition, a mixed Sb/In 
ad-layer with different Sb concentrations was considered. The surface phase diagram is shown in Fig. 1. 
Under In-poor and Sb-poor condition, GaN (000ͳ̅) surface is terminated by Ga adatom. With the 
increase of Sb concentration, the most stable surface reconstruction changes to an Sb adatom structure 
 
Fig. 1. Phase diagram of GaN (000ͳ̅) surface in 
presence of In and Sb, as a function of In and Sb 
chemical potentials. ȟ�ூ௡ = Ͳ  and ȟ��௕ = Ͳ 
correspond to equilibrium with bulk In and bulk 
Sb respectively. Shaded area on the top-right 
corner indicates the formation of InSb 
secondary phase under In-rich and Sb-rich 
condition. Chemical potential of N is taken at 
rich limit. The inset shows a top view of the 
N-polar surface, indicating the H3 and T4 sites. 
Small blue balls represent N atoms, and large 
grey balls represent Ga atoms. 
and then to an Sb trimer structure. Under In-rich condition, the surface is always covered by an In 
ad-layer, consistent with previous experimental and theoretical studies [22,23,54]. Since H is usually 
present in OMVPE growth, it is also essential to consider its effect on the surface structures. However, 
it is largely determined by the growth environment [41]. Here, we can estimate the rich limit of H. The 
limit can be set as �ு = ଵଶ�ு2௧௢௧ − Ͳ.75�� , where �ு2௧௢௧  is the total energy H2 molecule at zero 
temperature from DFT calculations, and -0.75eV is the entropy contribution to free energy at 1000K 
and 1atm, including zero-point energy [80]. Under such H-rich limit, H-covered surface is 
thermodynamically more stable than Sb adatom or trimer structure, even under Sb-rich condition. 
Nevertheless, Sb adatom or trimer structure may still be thermodynamically stable under experimental 
condition, as the concentration of atomic H should be lower. Also, even under this H-rich condition, 
adsorption energy of H on Sb adatom structure is at least 0.45eV, much higher than -1.92eV on bare 
GaN surface, which indicates that the adsorption of H is largely suppressed on Sb-covered surface. 
These results indicate that there might be a competition between Sb and H coverage on the surface, and 
Sb coverage may become more dominant under higher growth temperature or lower partial pressure of 
H2 gas. Nevertheless, the growth temperature cannot be too high, as InGaN may become unstable due 
to In loss at high temperature.  
 
Electronic structures of the surface reconstructions can be important to understand the mechanism 
of In incorporation into the first cation layer near the top surface. For In or InSb ad-layer 
reconstructions, as shown in Fig. 2(a), each N atom on the surface are bonded to one In or Sb atom in 
the ad-layer, thus the abundant electrons from the metallic ad-layer will passivate the N dangling bonds. 
As a consequence, GaN bilayer on the surface has a similar structure and stress distribution with 
bilayers in bulk GaN. On the other hand, for adatom or trimer reconstructions, as shown in Fig. 2(b) 
and Fig. 2(c), in each 2×2 cell, three of the surface N atoms are 4-fold bonded, while one N atom 
(resatom) remains 3-fold bonded. This N resatom will attract extra electrons from the adatom or the 
trimer, thus adopting sp2-like configuration with lone-pair electrons in the pz-orbital. Such changes in 
electronic structures will further affect the electronic structures on the surface. As shown in Fig. 2(d), 
three Ga atoms bonded to the N resatom are pulled towards the resatom, due to a shorter covalent 
radius of the sp2-like N atom. The stress is further distributed among other N atoms. As a result, one Ga 
atom will be on a tensile site, as N atoms around this Ga atom relax away from the Ga atom. For H3 
adatoms or trimers, such relaxations also lead to shorter bonds between surface N atoms and the 
adatoms or trimers, further stabilizing the structures. On the other hand, for T4 adatoms or trimers, 
such relaxations would slightly destabilize the surface adatoms or trimers. Therefore, stress effect is 
more significant for adatoms or trimers on H3 sites than those on T4 sites. 
 
Since the radius of In is much larger than that of Ga, the tensile site on the surface may enhance In 
incorporation into the surface bilayer. As one tensile site is created in the first bi-layer of each 2×2 cell, 
In content may be increased in the first bilayer. Calculated formation enthalpies of InGa under different 
surface reconstructions are shown in Fig. 3. The results indicate that both Ga adatom (H3) and Sb 
adatom (H3) can enhance In incorporation, while Sb trimer (T4) has little effect on the formation 
enthalpy. Compared to the Ga adatom, the Sb adatom has a larger stress effect, and remains stable 
under higher In concentration. Hence, compared with intrinsic surface reconstructions, surfactant Sb 
may enhance In incorporation into the first bilayer. In fact, as can be seen from Fig. 3(a), under suitable 
Sb and In concentrations, an InxGa1-xN bilayer (with x=6.25%) on surface becomes energetically more 
favorable than the GaN bilayer, even without considering the mixing entropy. When the In 
concentration increases, the formation enthalpy of InGa is increased. This is due to a stress 
compensation effect between InGa sites. In both cases, the formation enthalpies of InGa with presence of 
Sb can be lowered by 0.5eV, compared to the optimal growth condition without Sb. This mechanism 
shows a good consistency with pervious experimental findings, in which enhanced In incorporation 
was only observed when Sb concentration reached a critical value [26]. When Sb concentration is 
further increased, the surface may change from an Sb adatom reconstruction to an Sb trimer 
reconstruction. Nevertheless, Sb trimer or In adlayer do not have significant effects on In incorporation, 
thus enhancement on In incorporation can only happen under moderate In concentration and a certain 
Sb concentration. These results indicate that enhanced In content can be achieved by utilizing the 
surfactant effect of an optimal amount of Sb and increased partial pressure of In precursor is 
ineffective.  
 
 
Fig. 2. (Color online) Ball-and-stick representation of (a) In adlayer, (b) Sb adatom on H3 site, and 
(c) Sb trimer on T4 site. Blue, grey, white and orange balls represent N, Ga, In, and Sb atoms 
respectively. (d) and (e) show the top view of Sb adatom on H3 site and Sb trimer on T4 site. The 
dotted line indicates (2×2) surface cells. In (d) and (e), N resatom and Ga atom on tensile site are 
labeled by green and red ball for clarity. Arrows in (d) indicate the directions of atomic relaxations 
around the N resatom or the Ga atom on the tensile site. 
(a)
(b) (c)
(d)
(e)
We also consider the kinetic barrier of In incorporation, by calculating diffusion barrier of In into 
the sub-layer by kick-out mechanism. The kinetic behaviors under both Sb adatom (H3) reconstruction 
and In adlayer reconstruction have been considered. For Sb adatom (H3) structure, one additional In 
atom is put on the surface, while for In adlayer structure one In atom in the adlayer diffuses into the 
cation layer. The calculated diffusion barrier is shown in Fig.4. As can be seen from the figure, 
diffusion barrier of In into the sub-surface cation layer is 1.70eV under Sb adatom (H3) reconstruction, 
much lower than that under In adlayer reconstruction (5.41eV). Such huge difference may be explained 
by the surface stress induced by Sb adatom, as the Ga atom on the tensile site is loosely bonded and 
easier to diffuse out. Also, energy gain from the shorter Sb-N bond length at the transition state 
configuration may give rise to lower transition 
state energy. Moreover, because surface 
segregation of In on (000ͳ̅) surface is not as 
likely as that on (0001) surface [22], and the 
energy barrier of cation inter-diffusion in bulk 
InGaN is high [79], the incorporated In is 
unlikely to diffuse outward during further 
growth. Therefore, In content in the first bilayer 
may be mostly preserved, enhancing the In 
concentration in bulk InGaN. Surfactant effects 
based on random InGaN alloys are also very 
interesting topics, yet out of the scope of this 
paper. 
 
IV. Conclusion 
In summary, by using GaN as the host 
system, we have studied the surfactant effect of 
Sb on InGaN (000ͳ̅) surface. Surface phase 
diagram shows that at moderate In and Sb 
 
Fig. 3. (Color online) Formation enthalpies of InGa in first bilayer of GaN as functions of In 
chemical potentials under different surface reconstructions, with (a) one InGa in each 4×4 cell, and 
(b) one InGa in each 2×2 cell. Different concentration of Sb has been considered: (1) Sb-poor 
(ΔμSb=-1.7eV), (2) Sb-moderate (ΔμSb=-0.65eV), and (3) Sb-rich (ΔμSb=-0.3eV). Surface 
reconstructions are labeled beside the curve (In ad-layer and In, Sb-mixed ad-layer have similar 
effects on GaN bilayer, thus only labeled as ad-layer). 
 
Fig.4. Diffusion barriers of In incorporation 
into the sub-layer under Sb adatom (H3) 
structure (black solid line) and In adlayer 
structure (red dashed line). For either path, 
energy of the initial structure is set as zero. 
Energies of the transition state and final state 
relative to the initial state are labeled on the 
figure. 
concentrations, Sb adatom (H3) becomes energetically favorable. The surface reconstructions will 
change to Sb trimer or In ad-layer if the concentration of Sb or In is increased. Analysis on surface 
stress under different surface reconstructions indicates that adatoms on H3 sites lead to tensile sites in 
GaN bilayer, which can enhance In incorporation. Calculations of the formation enthalpies of InGa 
under different In concentrations and different surface reconstructions show that Sb adatom structure 
can lower the formation enthalpy of InGa by 0.5eV, and In concentration in thermodynamically stable 
InGaN may be increased. Our findings may provide basic physical understandings and fundamental 
guidelines for the growth of InGaN with high crystal quality as well as high In content, enlightening 
the fabrication of high-efficiency green-light LEDs. 
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